Arsenic (As) contamination in a paddy environment can cause phytotoxicity and elevated As accumulation in rice (Oryza sativa). The mechanism of As detoxification in rice is still poorly understood.
Introduction
Inorganic arsenic (As), a highly toxic metalloid, is classified as a class 1 nonthreshold carcinogen (Smith et al., 2002) . Long-term exposure to As in the food supply and drinking water can increase the risk of diseases such as gastroenteritis, diabetes and cancers (Abernathy et al., 2003) . Arsenic contamination, caused by either geogenic or anthropogenic activities, occurs in many areas worldwide. Millions of people suffer from As toxicity, particularly in South and Southeast Asian countries, such as Bangladesh and China, where As-contaminated groundwater is used for drinking and for irrigation of crops (Brammer & Ravenscroft, 2009; Rodr ıguez-Lado et al., 2013) . Thus, reducing As content in drinking water and foods is an urgent task for protecting human health.
Rice (Oryza sativa), a dietary staple food for half of the world's population, is a major dietary source of inorganic As . It accumulates more As in shoots and grains than other cereal crops (Williams et al., 2007; Batista et al., 2014) . Inorganic As in soil is present as arsenate, As(V), or arsenite, As(III), depending on the redox status of the soil. As(V) is a chemical analog of phosphate and is taken up by plant roots via phosphate transporters, whilst As(III) is taken up mainly by silicon transporters in rice roots (Ma et al., 2008; Zhao et al., 2010) . After entering root cells, As(V) is rapidly reduced to As(III), which is extruded to the external medium, loaded into xylem for longdistance translocation to the above-ground tissues, or complexed by thiol compounds and sequestered in the vacuoles (Xu et al., 2007; Song et al., 2010 Song et al., , 2014 . Recently, two research groups have separately identified a new arsenate reductase in Arabidopsis, named HAC1 or ATQ1 (Chao et al., 2014; Sanchez-Bermejo et al., 2014) . Loss of function of HAC1 leads to decreased As(V) reduction in roots resulting in a reduction of As(III) efflux to the external medium and hyperaccumulation of As in shoots (Chao et al., 2014) .
Besides As(III) efflux, the formation of phytochelatin-As(III) complexes and subsequent sequestration in the vacuoles constitute an important pathway of As detoxification in plants (Raab et al., 2004; Song et al., 2010 Song et al., , 2014 . The Arabidopsis glutathione (GSH) and phytochelatin (PC) mutants are highly sensitive to inorganic As (Ha et al., 1999; Liu et al., 2010) . Similarly, the Arabidopsis and rice mutants defective in the tonoplast PC-As(III) transporters ABCC1/2 are also highly sensitive to As (Song et al., 2010 (Song et al., , 2014 . Although As(III) is complexed mainly with PCs (Raab et al., 2004; Liu et al., 2010) , GSH is the precursor for PC synthesis. GSH also functions as an antioxidant to moderate the redox imbalance induced by toxic metal(loid) accumulation in Arabidopsis (Zhao et al., 2009; Hernandez et al., 2015) . GSH therefore plays a crucial role in As tolerance. GSH is synthesized in two ATP-dependent reactions catalyzed by the rate-limiting c-glutamylcysteine (c-EC) synthetase to synthesize c-EC, followed by glutathione synthetase to bind Gly and c-EC to form GSH (Foyer & Noctor, 2011; Hernandez et al., 2015) . The activity of c-EC synthetase is regulated by a feedback inhibition by GSH and c-EC (May et al., 1998; Hernandez et al., 2015) . In Arabidopsis, the c-EC synthetase AtGSH1 is localized in the plastid, while the glutathione synthetase AtGSH2 is localized in both the plastid and the cytosol (Wachter et al., 2005) . The intermediate c-EC must be exported from the plastid to maintain cytosolic GSH biosynthesis (Pasternak et al., 2008) . The export of c-EC from the plastid is mediated by the CRT-like transporter (CLT) in Arabidopsis (Maughan et al., 2010) . There are three homologous CLT genes in the Arabidopsis genome, which are termed AtCLT1 to AtCLT3. In the clt1clt2clt3 triple mutant, which showed increased cadmium (Cd) sensitivity, the GSH concentration in roots was only 25% of that in the wildtype (WT) plants (Maughan et al., 2010) . However, the information about GSH biosynthesis and its role in As detoxification in rice is still lacking.
In the present study, an As(V)-sensitive rice mutant, controlled by a recessive gene, was isolated. The mutated gene was cloned by genome resequencing technology. It encodes a rice CLT homologous gene, designated as OsCLT1. Detailed molecular genetics and physiological analyses provide evidence that OsCLT1 plays a crucial role in maintaining the GSH concentration and As and Cd tolerance in rice.
Materials and Methods

Isolation of mutants and plant growth conditions
In our previous experiments, we found that the rice mutant defective in the Phosphate Transporter Traffic Facilitator 1 (OsPHF1) (Osphf1-7, in the background of cv HJ2 a Japonica rice variety) was significantly less sensitive to As(V) than were WT plants because of decreased phosphate and As(V) uptake. We generated an ethylmethane sulfonate (EMS) mutant library using Osphf1-7 and screened for As(V)-sensitive mutants in a solution containing 30 lM Na 3 AsO 4 . The use of the Osphf1-7 mutant library offers the benefit of accentuating the difference in phenotype between WT and mutant candidates in response to As(V) exposure. The As(V)-hypersensitive seedlings exhibiting shorter roots than that of Osphf1-7 were transferred to hydroponic culture with a nutrient solution containing 100 lM phosphate (Pi) (Yoshida et al., 1976) and 40 lM NaFe(III)-EDTA. The solution was adjusted to pH 5.5 using 1 N HCl or 1 M NaOH before use and renewed every 4 d. Rice plants (Oryza sativa L.) were grown in a glasshouse under 12 : 12 h, 30 : 22°C, day : night conditions after germination, with c. 60% relative humidity.
Gene cloning and isolation of the single mutant Osclt1
To clone the causal gene, the mutant was backcrossed with Osphf1-7. The F 2 progeny plants exhibiting the hypersensitive phenotype to 30 lM Na 3 AsO 4 were selected for genetic analysis and gene cloning using the MUTMAP method (Abe et al., 2012) . Briefly, DNA was extracted from 52 F 2 individuals and mixed in an equal ratio. The DNA library (5 lg mixed DNA) for Illumina sequencing was prepared according to the protocol for DNA Sample Prep kit for Illumina (New England Biolabs Inc., Ipswich, MA, USA). Genomic resequencing was performed with the DNA library to aim for a mean coverage of 309 using a read length of 2 9 100 bp on the Illumina HiSeq2500 sequencer. Sequence reads were aligned using BWA (v.0.7.5, http://bio-bwa. sourceforge.net/) to the Nipponbare reference genome (v.7). The mapping result was converted to BAM format using SAMtools. Single nucleotide polymorphism (SNP) and InDel detection were performed with the Genome Analysis Toolkit (GATK, v.2.2-2, http://www.broadinstitute.org). With respect to the gene model in the Nipponbare reference genome (v.7), the effect of each identified mutation was tested using SNPEFF v.3.3 (http:// snpeff.sourceforge.net/). To confirm if the casual gene OsCLT1 was mutated in the mutant, the coding sequence and genomic DNA of OsCLT1 were amplified from the mutant and Osphf1-7 for sequence analysis. A derived cleaved amplified polymorphic sequence (dCAPS) marker was also developed to confirm the mutation of Osclt1. The primers used are listed in Supporting Information Table S1 . The mutant was also backcrossed to HJ2 to generate the single mutant Osclt1 in the HJ2 background with functional OsPHF1. Subsequent physiological and biochemical studies were conducted using Osclt1 in the HJ2 background.
Construction of complementation and RNA interference
For complementation of the Osclt1 mutant, the full-length coding sequence (CDS) of OsCLT1 (1320 bp) was cloned into the binary vector and driven by its native promoter (c. 2.5 kb). The PCR products were digested with HindIII and BglII, and inserted into the modified binary vector pBI101.3 between HindIII and BamHI sites (Xu et al., 2013) . The OsCLT1 promoter was amplified from HJ2 genomic DNA, and inserted before OsCLT1 CDS at the HindIII sites to generate a binary vector. The binary vector was introduced into Osclt1 mutants by the method of the Agrobacterium-mediated transformation (Chen et al., 2003) .
For the RNA interference (RNAi) construction, a 246-bp fragment of OsCLT1 was cloned in both orientations into pCAMBIA1300, separated by an intron of NIR1, as described previously (Zhou et al., 2008) . The binary vector was transformed into the WT (HJ2) via Agrobacterium-mediated transformation (Chen et al., 2003) . All the primers are listed in Table S1 .
Phylogenetic analysis
Amino acid sequences for putative CLT proteins were retrieved from The Arabidopsis Information Resource, Rice Genome Annotation Project and Phytozome. A phylogenetic tree was constructed using MEGA 5.10 (http://www.megasoftware.net/ mega.php) based on the neighbor-joining method with parameters of Poisson correction model of amino acid substitutions, pairwise deletion, and 1000 bootstrap replications (Brammer & Ravenscroft, 2009 ).
Protein structure and subcellular localization analysis
To predict the topology profile of OsCLT1, plastid target signal peptide was tested using CHLOROP (http://www.cbs.dtu.dk/services/ ChloroP/), and transmembrane regions were tested using INTERPROSCAN 5 (http://www.ebi.ac.uk/Tools/pfa/iprscan5/). The topology structure of OsCLT1 was displayed using TOPO2 software (http://www.sacs.ucsf.edu/TOPO2/). For analysis of the subcellular localization of OsCLT1 and OsCLT2, the full-length coding sequences (excluding the stop codons) of OsCLT1 (1317 bp) and OsCLT2 (1029 bp) were amplified. The PCR products of OsCLT1 were inserted into the pCAMBIA1300-35S-GFP vector between KpnI and XbaI sites fused in-frame to the N-terminus of enhanced GFP (eGFP), while the PCR products of OsCLT2 were inserted the vector between XbaI and SalI sites (Chen et al., 2011) . The primers are listed in Table S1 . The resulting vectors were verified by sequencing and used for subcellular analysis in tobacco leaves by the method of Agrobacterium-mediated transient expression, as described at http://www.plantsci.cam.ac.uk/research/baulcombe. After transient expression of CLT1-GFP into tobacco leaves for 48 h, chloroplasts were fractionated and separated into the envelope membrane, the thylakoid and the stroma fractions using a sucrose step gradient method (Benz et al., 2009) . Antibodies a-Tic40, a-RbcL and a-PsbA (Agrisera, Vännäs, Sweden) were used as chloroplast marker proteins for envelope membrane, stroma and thylakoid, respectively.
Glutathione, c-glutamylcysteine and phytochelatin analysis
For analysis of GSH content, roots and shoots of the 3-wk-old plants were ground in liquid nitrogen and extracted in 0.2 N HCl in a ratio of 100 mg sample to 1 ml solution. The homogenate was centrifuged at 15 000 g for 15 min at 4°C. The supernatant (0.5 ml) was neutralized with 0.4 ml of 0.2 M NaOH in the presence of 50 ll of 0.2 M NaH 2 PO4 (pH 5.6) (Chen et al., 2015) . GSH and oxidized GSH (GSSG) were measured with a GSH/ GSSG Assay Kit (Millipore). For in situ labeling of the cytosolic GSH, 5-d-old roots of HJ2 and Osclt1 were cultured in a solution containing 100 lM monochlorobimane (MCB) and 50 lM propidium iodide for 1 h. Roots were then transferred to an aqueous medium on a glass slide. Imaging was done on a confocal Zeiss Axiovert 100 M LSM 710 laser scanning microscope equipped with lasers for 405 and 543 nm excitation.
c-Glutamylcysteine and PCs were analyzed using highperformance liquid chromatography (HPLC) equipped with a fluorescence detector following the method of precolumn derivatization with monobromobimane (MBB) as described previously (Sneller et al., 2000; Tang et al., 2003) . Briefly, 100 mg plant tissues were ground in liquid nitrogen and extracted with 500 ll extraction buffer (0.1% trifluoroacetic acid (TFA) (v/v), 6.3 mM diethylene triamine pentacetic acid (DTPA)). The homogenates were centrifuged at 10 000 g for 10 min at 4°C. Supernatant (250 ll) was mixed with 450 ll reaction buffer (6.3 mM DTPA; 200 mM HEPES; pH 8.2) and 10 ll 25 mM MBB. After incubation at 45°C for 30 min in the dark, the sample was filtered with 0.22 lm filters before HPLC analysis. PCs were separated by using the solvents 100% acetonitrile and 0.1% TFA on a reversephase C18 column (Agilent 20RBAX SB-C18, particle size, 5 lm; dimensions, 4.6 9 250 mm; Agilent, Santa Clara, CA, USA) at the room temperature. The fluorescence was monitored at k excitation of 380 nm and k emission of 470 nm. Synthesized standards of c-EC and PCs ((c-EC) 2 -G (PC 2 ), (c-EC) 3 -G (PC 3 ) and (c-EC) 4 -G (PC 4 )) were purchased from Aladdin (Shanghai, China) and Anaspec (San Jose, CA, USA), respectively.
Analysis of total As and cellular Pi concentrations
Total As concentrations in plant samples were determined as previously described with minor modification . Plant materials were digested with HNO 3 : H 2 O 2 (12 : 1, v/v), and then analyzed with inductively coupled plasma mass spectrometry (ICP-MS, DRC-e, PerkinElmer, Norwalk, CT, USA). Pi concentrations were determined using a continuous flow analyzer (Skalar San Plus, Breda, the Netherlands) as previously described (Chen et al., 2011) .
Analysis of As speciation
Arsenic speciation in plant samples was determined as previously described . WT and mutant plants were exposed to 10 lM As(V) for 2 or 24 h. Roots were rinsed with deionized water first and then soaked in an ice-cold desorption solution containing 1 mM K 2 HPO 4 , 0.5 mM CaCl 2 and 2 mM MES (pH 5.5) for 10 min to remove apoplastic As. Roots and shoots of rice seedlings were ground in liquid nitrogen, and 0.2-0.3 g FW was added into 20 ml phosphate buffer solution (2 mM NaH 2 PO 4 , 0.2 mM Na 2 -EDTA, pH 6.0). After sonication for 1 h, the homogenate was filtered through a filter paper and then through a 0.2 lm syringe filter (Agilent, Wilmington, DE, USA). As species in the extracts were determined using HPLC-ICP-MS (Agilent LC1100 series and PerkinElmer NexION 300S).
b-Glucuronidase (GUS) histochemical analysis
To identify the tissue localization of OsCLT1 expression, OsCLT1pro-GUS transgenic plants were generated using the HJ2 genomic DNA fragments containing c. 2.5 kb promoter sequence of OsCLT1. The promoter sequence was amplified and inserted into the binary vector GUS-pBI101.3. GUS analysis was performed as previously described (Xu et al., 2013) . The primers are listed in Table S1 .
RNA extraction, reverse transcription polymerase chain reaction (RT-PCR), and quantitative RT-PCR
Total RNAs were isolated using an RNA extraction kit (NucleoSpin RNA Plant; Macherey-Nagel, D€ uren, Germany).
RT-PCR and quantitative qRT-PCR were conducted as previously described (Chen et al., 2011) . The primers for qRT-PCR analyses are listed in Table S1 .
Accession numbers
Protein sequence data can be found in GenBank database under the following accession numbers: OsCLT1 (Os01g0955700); OsCLT2 (Os12g0511300); AtCLT1 (AT5G19380); AtCLT2 (AT4G24460);
Results
Isolation and characterization of Osclt1 mutant
To identify new component(s) involved in As detoxification in rice, we screened a rice mutant library with altered As(V) sensitivity in the Osphf1-7 background. Osphf1-7, a weak mutant in OsPHF1 (Phosphate transporter traffic facilitator 1), was more tolerant to As(V) than its WT cv HJ2 (Fig. S1 ). M2 seeds from the EMS-generated mutant rice library were sown on a mesh screen floating on a culture solution containing 30 lM As(V). Ten days after germination (DAG), root and shoot morphologies of the seedlings were visually assessed. One mutant hypersensitive to As(V) was isolated. Both root growth and shoot growth of the mutant were much more severely inhibited by As(V) than by Osphf1-7 (Fig. S2) . Previous studies have shown that some rice mutants defective in phosphate uptake, such as Osphf1 and Ospt8, are more tolerant to As(V) (Chen et al., 2011) . To test if the mutant had an altered Pi uptake, the cellular Pi concentrations of the mutant roots and leaves were measured. The results showed no significant difference between the mutant and phf1-7 (Fig. S2) .
After the causal gene for the mutant phenotype was cloned, we backcrossed the mutant to WT (HJ2) to segregate the single mutant Osclt1 in the HJ2 background. At 10 lM As(V), root length and shoot height of Osclt1 were inhibited by 92% and 69%, respectively, compared with only 5% and 11% inhibition in the WT. The growth inhibition of the mutant showed an As (V) concentration-dependent manner (Fig. 1a-c ). In the absence of As(V), there was no significant difference between the mutant and WT at 10 DAG, although root length of the mutant was slightly shorter than that of the WT, by 30 d (Fig. S3) .
The sensitivities of Osclt1 towards As(V) and As(III) were compared. Root growth of Osclt1 and WT in response to increasing As(V) or As(III) concentration was measured. The dose-response data were fitted to a log-logistic curve to derive the effect concentrations causing a 50% inhibition of root growth (EC 50 ). Osclt1 was more sensitive than the WT to both As(V) and As(III). The EC 50 values for As(V) were 23.8 AE 1.3 and 5.2 AE 0.4 lM for the WT and Osclt1, respectively (Fig. 1d) , whereas the EC 50 values for As(III) were 14.4 AE 1.4 and 5.7 AE 0.2 lM, respectively (Fig. 1e) . The difference in EC 50 between the WT and Osclt1 was greater for As(V) (4.5-fold) than for As(III) (2.5-fold), suggesting that Osclt1 was more sensitive to As(V) exposure than to As(III) exposure. There was no difference between As(V) and As (III) exposure in the shoot growth sensitivity (Fig. S4 ).
Cloning and characterization of the OsCLT1 gene
To determine the genetic basis of the mutant in the Osphf1-7 background (i.e. double mutant), we backcrossed the double mutant to Osphf1-7. In the presence of 30 lM As(V), all the F 1 
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New Phytologist progeny plants displayed the Osphf1-7 phenotype. In the F 2 progeny, 143 and 52 plants showed Osphf1-7 and mutant phenotypes, respectively, which is not significantly different from the 3 : 1 ratio (v 2 = 2.07, P > 0.05). These results indicate that the phenotype of the mutant was caused by a recessive mutation. Genomic resequencing mapping of the backcrossed F 2 progeny with the mutant phenotypes (52 individual plants) revealed that Osclt1 was caused by a single nucleotide change (G3230A) in the exon 4 of LOC_Os01g72570, resulting in the change of Gly to Arg (Fig. 2a) .The point mutation in the Osclt1 allele was verified by sequencing and dCAPS marker (Fig. 2b,c) .
The open reading frame of OsCLT1 is 1320 bp and encodes a 439-amino-acid protein, which consists of a 48-amino-acidlength plastid target signal peptide and 10 transmembrane domains predicted by the CHLOROP software (http:// www.cbs.dtu.dk/services/ChloroP/) and INTERPROSCAN 5 software (http://www.ebi.ac.uk/Tools/pfa/iprscan5/), respectively (Fig. S5) . BLAST analysis of its amino acid sequence indicated that OsCLT1 is highly homologous to the Arabidopsis CLT proteins, and shared 63% identity and 87% similarity at the amino acids level with AtCLT1. Phylogenetic analysis indicated that OsCLT1 is more similar to monocot proteins than to dicot proteins, with the most similar proteins being BdCLT1 (Brachypodium distachyon) and ZmCLT1 (Zea mays) (Fig. 3a) . Interestingly, a second CLT protein containing no plastid target signal peptide exists in rice, confirmed by 5 0 -rapid amplification of cDNA ends (5 0 -RACE) and 3 0 -RACE and designated as OsCLT2 (Os12g0511300) (Figs S6, S7a ). BdCLT2 and ZmCLT4, the most homologous proteins of OsCLT2 in B. distachyon and maize, respectively, also lack plastid target signal peptides (Fig. S6) .
Complementation test and RNA interference of OsCLT1
'To confirm that the increased As(V) sensitivity of Osclt1 was caused by the point mutation of OsCLT1, mutant plants were transformed with the full-length CDS of OsCLT1 driven by its native promoter. In the presence of 10 lM As(V), root and shoot lengths of the transgenic plants were rescued to the level of WT plants (Fig. 2d-g ). These results indicated that the hypersensitivity to As(V) of the mutant was caused by the loss of function of OsCLT1.
We also generated transgenic plants with RNA interference (Ri) of OsCLT1. Five RNAi lines with different suppression of OsCLT1 showed different sensitivities to As(V). Two independent lines were selected for further characterization. In line Ri-24 in which the endogenous OsCLT1 gene was suppressed to 28% of the WT, root length and shoot height were inhibited by 53% and 24% at 5 lM As(V), respectively; the degree of inhibition was similar to the clt1 mutant (Fig. 4) . In line Ri-12 with a greater suppression of the endogenous OsCLT1 (9% of WT), root length and shoot height were inhibited by 70% and 35% at 5 lM As(V), respectively. Ri-12 plants appeared to be more sensitive than the clt1 mutant to As(V) at all three levels of As(V) tested (Fig. 4) . The observed phenotypes of the RNAi lines were not caused by a suppression of OsCLT2, because its transcription level was unaffected in the Ri lines (Fig. 4b ). In the absence of As(V), root and shoot biomass of clt1 mutant and the RNAi lines after 30 d of growth were smaller than those of the WT, with the differences being significant for the RNAi lines but not the clt1 mutant (Fig. S3) . The results from the complementation test and RNAi line analysis suggest that As(V) hypersensitivity of the clt1 mutant was caused by a partial loss of function of OsCLT1.
Subcellular localization of OsCLT1
To examine the subcellular localization of the OsCLT1 protein, the OsCLT1 coding sequence fused to eGFP was transiently expressed in tobacco (Nicotiana benthamiana) leaves. After tobacco leaves were digested with cellulase, the OsCLT1-eGFP green fluorescent signal was detected in plastids, which was colocalized with the autofluorescence of chloroplasts (Fig. 3b) . 
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Furthermore, chloroplasts of the tobacco leaves with OsCLT1-eGFP were fractionated and separated by sucrose step gradient into the envelope membrane, the thylakoid and the stroma fractions. The three factions were confirmed using antibodies for their specific marker proteins. OsCLT1-eGFP was detected in the envelope membrane fraction (Fig. 3c) . In addition, the subcellular localization of OsCLT2 was also examined. Consistent with the lack of plastid target signal peptide, OsCLT2 was not found in plastids, but in the plasma membrane (Fig. S7c) .
Glutathione and c-glutamylcysteine homeostasis
Previous studies have shown that CLTs function as c-EC and GSH transporters and play a significant role in regulating GSH levels and the redox potential in the cytosol in Arabidopsis thaliana (Maughan et al., 2010) . We tested whether OsCLT1 also possesses the same function in rice. The GSH levels of Osclt1, two RNAi lines and the WT were determined in 4-wkold plants grown under normal conditions. The concentrations of GSH and oxidized GSSG in roots of Osclt1 and two RNAi lines were significantly lower than those of WT (Fig. 5a,b) . The concentrations of GSH in roots of Osclt1 and Ri-24 were approximately half of those in WT, whereas Ri-12 roots contained only a quarter of the GSH level in the WT (Fig. 5a) . Compared with WT, the concentrations of GSSG were decreased to c. 40% in Osclt1 and Ri-24 roots and to 22% in Ri-24 roots (Fig. 5b) . In situ labeling of cytosolic GSH with MCB further confirmed the earlier observations, showing a marked decrease in the cytosolic GSH level in Osclt1 root cells compared with the WT (Fig. 5c) . In contrast to the large decreases in the GSH level in roots, the concentrations of GSH and GSSG in shoots decreased to a much smaller extent, and the decrease was significant only in the Ri-12 line (Fig. 5a,b) . The ratio of GSH to GSSG remained unchanged in Osclt1 and the two RNAi lines compared with the WT.
The c-EC levels in plants were also determined. The c-EC concentrations in roots of Osclt1 and two RNAi lines were decreased to 68-78% of those in the WT (Fig. 5d) . A significant decrease in shoot c-EC concentration was observed only in the Ri-12 line (87% of the WT level) in which the expression of OsCLT1 was severely suppressed (Fig. 5d) . 
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The tissue expression pattern of OsCLT1
Quantitative RT-PCR analysis of OsCLT1 transcription indicates that OsCLT1 was expressed in both shoots and roots with the expression being c. 10-fold higher in shoots than in roots. To determine the tissue expression pattern of OsCLT1, a 2.5 kb fragment promoter upstream of the OsCLT1 start codon fused with a GUS reporter gene was transformed into WT plants. Histochemical analysis of OsCLT1pro-GUS transgenic plants revealed that OsCLT1 was strongly expressed in roots (Fig. 6a-e) and leaves (Fig. 6f,g ). Cross-sections of the primary root indicated that OsCLT1 was expressed in the root cap (Fig. 6d) , exodermis, sclerenchyma, xylem in the elongation zone (Fig. 6c) , and lateral root primordia in the maturation zone of the primary root (Fig. 6b) . In shoots, GUS staining was also detected in the vascular bundles of leaves and leaf sheaths (Fig. 6f,g ).
Regulation of OsCLT1 expression by As
To determine if OsCLT1 expression is regulated by As exposure, the transcript level of OsCLT1 was analyzed by qRT-PCR. Two-week-old WT seedlings were exposed to 10 lM As(V) or As(III) for 0, 6 and 12 h. The level of OsCLT1 transcript in roots was up-regulated by As, with two-and fourfold increases in the As(V) and As(III) treatments, respectively, after 12 h exposure (Fig. 6h ). By contrast, the level of OsCLT1 transcript in shoots was not responsive to either As(V) or As(III) treatment (Fig. 6i) .
Decreased synthesis of phytochelatins in Osclt1 in response to As stress A decreased GSH level in roots of the Osclt1 mutant could affect the biosynthesis of PCs. PC 2 and PC 3 were detected in WT roots after exposure to 10 lM As(V) or As(III) treatment, with the concentration of PC 2 being approximately fivefold higher than that of PC 3 (Fig. 7a,b) . The concentrations of PCs were substantially higher in the As(III)-treated roots than in the As(V)-treated roots. OsCLT1 mutation dramatically decreased the concentrations of PCs in rice roots. The concentrations of PC 2 and PC 3 in the Osclt1 roots were 32% and 20%, respectively, of those of the WT roots in the As(V) treatment (Fig. 7a) , and only 12% and 3% of the WT roots in the As(III) treatment (Fig. 7b) . The concentrations of PC 2 and PC 3 in shoots were much lower than those in roots, and there was no significant difference between WT and Osclt1 (Fig. S8) .
Altered As accumulation and distribution in Osclt1 mutant
The As concentrations in roots and shoots of Osclt1 and WT were measured after plants were exposed to 5 lM As(V) or As(III) for 2 or 24 h. Under As(V) treatment, Osclt1 roots accumulated about half of the total As concentration of WT roots at both 2 and 24 h, whereas Osclt1 shoots accumulated 60% higher As concentration than WT shoots (Fig. 7c,d ). Under As(III) treatment, As concentration of Osclt1 roots was also decreased by 50% compared with the WT, but shoot As concentration was not significantly affected (Fig. 7e,f) . Arsenic speciation was quantified in roots of the WT and Osclt1 exposed to 10 lM As(V) for 2 and 24 h. At 2 h, As(III) and As(V) accounted for 83% and 17% of the total As, respectively, with no significant difference between the WT and Osclt1. At 24 h, the percentage of As(V) in Osclt1 roots (15.1%) was significantly higher than that in WT roots (9.2%) (Table 1), suggesting that As(V) reduction was compromised in the mutant. Arsenic speciation in roots of the WT and Osclt1 exposed to 10 lM As(III) for 2 and 24 h was also examined. At 2 h, As(III) was the only speciation in both the WT and Osclt1. At 24 h, only a small percentage (2.5-3.1%) of the total As was present as As (V), with the remainder being As(III), and there was no difference between the WT and Osclt1 (Table 1) .
Osclt1 mutant is more sensitive to Cd
Because PCs are involved in Cd detoxification (Ha et al., 1999) , a mutation in OsCLT1 may affect Cd sensitivity. This possibility was tested by comparing root and shoot growth of Osclt1 and the WT in a range of Cd concentrations. In the presence of 5 lM Cd, the primary root length of Osclt1 was inhibited by 70% compared with no obvious inhibition in the WT (Fig. 8a,b) . At higher Cd concentrations (15-30 lM), root growth of both Osclt1 and WT was inhibited, but the inhibition was greater in the former than in the latter. Osclt1 is therefore more sensitive than the WT to Cd, a phenotype that is similar to the Arabidopsis clt1clt2clt3 triple mutant showing increased Cd sensitivity (Maughan et al., 2010) . By contrast, there was no significant difference in shoot growth between Osclt1 and WT under different Cd concentrations (Figs 8a, S9) . After exposure to 10 lM Cd treatment for 24 h, PC 2 and PC 3 were detected in WT roots, with the concentration of PC 2 being c. 1.5-fold higher than that of PC 3 (Fig. 8c) . OsCLT1 mutation significantly decreased the concentrations of PC 2 and PC 3 in rice roots. The concentrations of PC 2 and PC 3 in the Osclt1 roots were 37% and 47%, respectively, of those of the WT roots in the Cd treatment (Fig. 8c) .
Discussion
Previous studies on Arabidopsis and other plant species have shown that GSH plays a key role in As tolerance (Ha et al., 1999; Ahsan et al., 2008; Liu et al., 2010; Zhao et al., 2010; Tripathi et al., 2013) . The role of GSH probably involves several aspects related to As detoxification. First, it is the precursor for the biosynthesis of PCs, which are the main ligands for complexation of As(III) (Cobbett & Goldsbrough, 2002; Raab et al., 2004; Liu et al., 2010) . Second, GSH provides the reductant for As(V) reduction, a key step for As detoxification and also for limiting As accumulation in plant shoots (Chao et al., 2014; SanchezBermejo et al., 2014) . Third, GSH is an antioxidant that can alleviate the oxidative stress caused by As exposure (Noctor & Foyer, 1998; Requejo & Tena, 2005; Mishra et al., 2008) . In Arabidopsis, c-EC, exclusively synthesized by AtGSH1 in the plastid, must be transported to the cytosol where it is used by cytosolic AtGSH2 to synthesize GSH (Pasternak et al., 2008) . Recently, CLTs responsible for transporting c-EC from plastids to the cytosol were identified in Arabidopsis (Maughan et al., 2010) . In the present study, we used forward genetics to identify OsCLT1 as an important component of GSH homeostasis and As tolerance in rice.
Identification of OsCLT1 as the causal gene responsible for the As hypersensitivity phenotype in the mutant
We first isolated a rice mutant hypersensitive to As(V) in the Osphf1-7 background. Based on genomic resequencing of the 
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New Phytologist F 2 progeny showing the mutant phenotype and the complementation test, we showed that a mutation in OsCLT1 was responsible for As(V) hypersensitivity in the mutant (Fig. 2) . Further assays showed that the mutant was also hypersensitive to As(III) and Cd. We also used RNAi to knock down the expression of OsCLT1. In general, the RNAi lines showed similar As(V) hypersensitivity phenotypes to the Osclt1 mutant (Fig. 4) . Interestingly, one RNAi line (Ri-12) with a 90% suppression of the gene expression was even more sensitive than Osclt1 to As(V), suggesting that the mutant has a partial loss of function.
OsCLT1 encodes a protein highly homologous to Arabidopsis CLTs, which are plastidic transporters for c-EC and GSH (Maughan et al., 2010) (Fig. S6) . It is localized to the envelope membrane of plastids (Fig. 3b,c) , similar to AtCLTs. The gene was found to be expressed in root cap, exodermis, sclerenchyma and xylem, and the expression was enhanced by the exposure to As(V) or As(III) (Fig. 6) . OsCLT1 was also highly expressed in leaves, although there it was not responsive to As(V) or As(III) exposure under the experimental conditions (Figs 6, S7b) . While there are two homologous CLT genes in the rice genome, only OsCLT1 is targeted to plastids (Figs 3, S7) . This is different from Arabidopsis, in which all three homologous CLTs are targeted to plastids. Thus, there appears to be no functional redundancy of CLT protein in plastids in rice. Interestingly, the expression of OsCLT2 was higher than that of OsCLT1 in both roots and shoots, but its coding protein was found to be targeted to the plasma membrane, not to the plastid (Fig. S7) . The function of OsCLT2 remains unknown.
OsCLT1 contributes to glutathione homeostasis in rice
Similar to the results from the clt1clt2clt3 triple mutants in Arabidopsis (Maughan et al., 2010) , total GSH levels in roots of Osclt1 and RNAi lines were markedly decreased (Fig. 5a,b) . Ri-12 showed a greater decrease in the GSH level than did Osclt1, further supporting the notion that Osclt1 is a partial loss-offunction mutant. The concentration of c-EC, the precursor of GSH, was also significantly decreased in the roots of the mutant and RNAi lines, although the extent of the decrease was smaller than that for GSH. This difference may be explained by a feedback inhibition of the plastidic c-EC synthetase by c-EC and GSH (May et al., 1998; Hernandez et al., 2015) , which may have accumulated in plastids as a result of OsCLT1 mutation. Based on the earlier results and the similarities to AtCLTs, we suggest that OsCLT1 functions as an exporter of c-EC and GSH from plastids to cytosol for the biosynthesis and homeostasis of GSH in rice.
In contrast to the GSH and c-EC levels in roots, their concentrations in shoots were much less affected by the mutation in OsCLT1. Only in the RNAi line with a severe suppression of OsCLT1 expression were the decreases in the shoot GSH and c-EC levels significant. These observations are similar to Maughan et al. (2010) , who found that the shoot GSH concentrations in the Arabidopsis clt single or triple mutants were generally not significantly different from that of the WT. The different responses between root and shoot GSH levels may be explained by different contributions of the cytosolic and plastid GSH pools to total GSH in the two tissues (Maughan et al., 2010) . Although the total GSH level in the shoots of Osclt1 was not decreased significantly, it is possible that the cytosolic GSH pool could be decreased.
OsCLT1 mutation leads to decreased phytochelatin biosynthesis
Phytochelatin biosysnthesis is induced by exposure to a number of metals and metalloids including Cd and As (Ha et al., 1999; Schm€ oger et al., 2000; Cobbett & Goldsbrough, 2002) . Because of a marked decrease in the cytosolic GSH in roots, PC biosynthesis was also decreased dramatically in the Osclt1 mutant when challenged with As or Cd, with the concentrations of PC s Asterisks mean there is a significant difference with the corresponding WT (**, P < 0.01; *, P < 0.05). 
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New Phytologist (including PC 2 and PC 3 ) in roots being decreased to less than a third and a half of those in WT under As and Cd treatments, respectively (Figs 7, 8) . This effect was especially evident in roots, which are the sensitive target of As toxicity (Kopittke et al., 2014) . The observed phenotype of hypersensitivity to both As and Cd can be largely attributed to the decreased PC biosynthesis, because PCs are crucial for the detoxification of both As and Cd (Mendoza-Cozatl et al., 2011) . By contrast, shoot PC level was not significantly affected in the mutant, which is consistent with the GSH level in shoots not being affected by OsCLT1 mutation (Figs S8, 5 ).
Differential responses of Osclt1 to As(V) and As(III)
Osclt1 roots accumulated approximately half of the total As concentration of the WT under both As(V) and As(III) treatments (Fig. 7c,e) . This is expected because As is primarily stored as PCAs(III) complexes in the vacuoles (Schm€ oger et al., 2000; Cobbett & Goldsbrough, 2002; Briat, 2010; Song et al., 2010) . A reduction in the PC biosynthesis capacity would result in a decrease in the As storage capacity, as has been shown in the Arabidopsis cad1;2 and cad1;3 mutants (Liu et al., 2010) . After exposure to As(V), the -SH group to As(III) molar ratios were 2.9-3.6 and 1.5-2.2 in WT and Osclt1 roots, respectively ( Fig. 6a ; Table 1 ). After exposure to As(III), the -SH group to As(III) molar ratios were 1.7-2.2 and 0.5-0.6 in WT and Osclt1 roots, respectively ( Fig. 7b ; Table 1 ). The -SH to As(III) ratios in Osclt1 roots suggest that there was insufficient PCs for As(III) complexation, which in turn led to lower accumulation of As in the mutant roots under both As(V) and As(III) treatments.
Although Osclt1 was hypersensitive to both As(V) and As(III), there were some interesting differences when the mutant was exposed to these two forms of As. First, Osclt1 was relatively more sensitive to As(V) than to As(III) (Fig. 1d,e) . Second, Osclt1 accumulated more As in shoots than did the WT when plants were exposed to As(V), yet there was no difference when plants were exposed to As(III) (Fig. 7d,f) . These differences may be explained by the fact that As(V) must be reduced to As(III) first before subsequent detoxification. Recently, HAC1 has been identified as an As(V) reductase in Arabidopsis, which uses GSH as the reductant (Chao et al., 2014; Sanchez-Bermejo et al., 2014) . Decreased cytosolic GSH in Osclt1 was found to impact As(V) reduction in the mutant roots after exposure to As(V) for 24 h (Table 1) . Similarly, the Arabidopsis GSH mutant cad2;1 also had a lower capacity for As(V) reduction than did the WT (Liu et al., 2010) . Because As(V) reduction is important for As(V) tolerance (Chao et al., 2014; Sanchez-Bermejo et al., 2014) , decreased As(V) reduction in Osclt1 could increase its sensitivity to As(V) in addition to the PC effect. On the other hand, loss of function of HAC1 leads to As accumulation in Arabidopsis shoots when plants were exposed to As(V), primarily due to a diminished As (III) efflux to the external medium (Chao et al., 2014) . Decreased As(V) reduction in Osclt1 roots could produce a similar effect, resulting in increased As accumulation in shoots (Fig. 7d) . Such an effect would be observed only when plants were exposed to As (V), not to As(III).
In summary, the present study identifies a CLT homolog in rice. Mutation of OsCLT1 results in a decline in the biosynthesis of GSH. OsCLT1 is localized to plastids and probably mediates the export of c-EC from plastids to the cytoplasm for GSH biosynthesis, in a similar pathway to that observed in Arabidopsis. Lower cytosolic GSH in Osclt1 roots leads to a decline in the capacity of PC biosynthesis, resulting in hypersensitivity to As and Cd. The present study has identified OsCLT1 as an important component of GSH homeostasis and As and Cd tolerance in rice roots.
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